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Exposing the non-collectivity in elliptic flow
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Abstract
We show that backward-forward elliptic asymmetry correlations provide an experimentally ac-
cessible observable which distinguishes between collective and non-collective contributions to the
observed elliptic asymmetry vy in relativistic heavy ion collisions. The measurement of this ob-
servable will reveal the momentum scale at which collective expansion seizes and where the elliptic
asymmetry is dominated by (semi)-hard processes. In addition, the knowledge of the actual mag-
nitude of the collective component of the elliptic asymmetry will be essential for the extraction of

the viscosity of the matter created in these collisions.
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Introduction. — Deconfined QCD matter at high energy density, the so-called Quark-
Gluon Plasma (QGP), was a phase during the evolution of the early universe and it is now
created and explored experimentally in relativistic heavy ion collisions. One major discovery
by the experimental program [1] of the Relativistic Heavy Ion Collider (RHIC) is the large
elliptic asymmetry, vq, of observed particles’ transverse momenta, which is consistent with
predictions from ideal hydrodynamic expansion. This led to the conjecture that the matter
created in the collisions exhibits “perfect fluidity”, i.e. that its shear viscosity is very small.
First studies [2, 13, 4, |5] indicate that the shear viscosity, usually presented as the viscosity
over entropy density 7/s, must be very small especially near T, much smaller than any
known condensed matter substances and rather close to the conjectured universal lower
bound 2 > -L based on calculations [6] utilizing the gauge/string duality.

The dependence on transverse momentum (p;) of the elliptic asymmetry vy, as depicted
in Fig. [ shows a rise at low p; towards a maximum at p; ~ 3GeV, and a constant value
for large transverse momenta. The present understanding of this behavior is that the low
p region, p; S 1.5 GeV, where the bulk of the matter is located, is due to collective hydro-
dynamic expansion: The initial spatial azimuthal asymmetry of created matter translates
into a difference in pressure gradients and, thus, expansion rates along different directions,
eventually leading to the observed vy in transverse momentum space which extends widely
along (pseudo)rapidity. The success of ideal hydrodynamic calculations [7] suggests that
the QGP at temperatures around 1 — 27, is indeed a strongly coupled system (sQGP) [§]
with a remarkably small viscosity, which may be related to the mechanism of how QCD
confinement occurs close to the transition point|9].

At very high transverse momenta, on the other hand, v, is believed to be due to the dif-
ferent attenuation of hard partons (jet quenching) in the asymmetrically distributed matter
[10, 111, [12]. In this case the elliptic asymmetry, vy, is non-collective in the sense that it
is due to rather local processes associated with the jet that is very narrowly distributed in
rapidity. The transition from collective (hydrodynamic) to non-collective (jet-like) asymme-
tries is expected to take place at intermediate transverse momenta p; ~ 2 — 4 Gev, but the
details are not very well understood. In addition, one would think that the attenuation of
the jets should result in local, non-collective asymmetries, also at lower transverse momenta,
since the debris from the jet-quenching process need to go somewhere.

If, however, there is a sizeable non-collective contribution to v, at low p; the comparison



of (viscous) hydrodynamic calculations to the data may lead to wrong conclusions about the
viscosity of the produced matter in these collisions. Therefore, it would be desirable to have
a direct measurement not only of the transverse momentum at which the transition from
collective to non-collective vy occurs, but also of the contribution of non-collective effects in
the region of low transverse momenta, p; < 1.5 GeV.

It is the purpose of this work to develop such an observable which will distinguish between
the collective and the non-collective contributions to the elliptic asymmetry, by studying the
appropriate correlations and fluctuations|13, [14, [15]. In the present work we will identify
the collective component with hydrodynamic flow and the non-collective one with attenu-
ated jets. This is solely for purpose of illustration and we note, that there may be other
mechanisms at work which generate collective and/or non-collective components, which the
observable proposed here is not able to disentangle from the commonly accepted mechanisms
of hydrodynamic flow and jet quenching.

The key observation is the following: Consider two rapidity bins, one forward, one back-
ward, with suitable separation (gap) in between. In a given event, the elliptic asymmetry
of the collective component in both rapidity bins is highly correlated. The non-collective
component, on the other hand, generates an elliptic asymmetry in either the forward bin or
the backward bin, but never in both, resulting in very small backward-forward correlations.
To illustrate this point, consider hydrodynamic expansion as an example for the collective
component. In each event the elliptic asymmetry is aligned in azimuth and of comparable
magnitude in the forward and backward rapidity bin. Actually most of the hydrodynamic
calculations assume boost invariance implying infinite range rapidity correlations. Contrast
this with the elliptic asymmetry due to quenched jets, as a example for a non-collective
component. At RHIC energies one rarely has more than one hard process observed per
event, and thus the asymmetry due to attenuated jets, for example the soft debris due to
jet attenuation, will be local in rapidity and hence will not contribute to the long-range
backward-forward correlation of the elliptic asymmetry. We note, that this situation will
change at higher energies, such as the LHC, were we have many hard processes per event.
In this case one may still consider a possible non-correlation at a rapidity separation that
is larger than typical jet cone extension but smaller than average jet-jet separation. Based
on the above, we will implement in the rest of this paper an experimentally measurable

observable by correlating the backward-forward elliptic asymmetry and demonstrate how it



can diagnose the extent of collectivity in vs.
The correlation of elliptic asymmetry.—Before going to the correlation of elliptic

asymmetry, let us first briefly discuss vy itself, defined as:
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In the above <pi;iv;l ¢>> is the distribution of the event-averaged p;-differential yield over the

azimuthal angle ¢ which is defined with respect to the reaction plane. [Throughout the
paper we use < > to denote average over collision events.] The numerator may be referred
to as the total elliptic asymmetry of selected bin, which we will denote by V5. The particle
yield at RHIC can be attributed to two main sources: the bulk matter which dominates
low p; regime and exhibits collective flow, and the (partially suppressed) hard jets dominant
at high p;. Both sources contribute additively to the total yield z% and thus to the
measured vs.

The proposed new observable is the correlation of the total Va(p;) in the two rapidity
(backward-forward) bins. We may take the right slice ¥y € [Ymin, Ymaz] and the left slice
Y € [=Ymazs —Ymin] With 0 < Ymin < Ymaee Which should be carefully selected experimentally:
the rapidity gap (—Ymin, Ymin) should be just large enough such that a fragmenting jet won’t
spread simultaneously into both bins, and y,,., should be as large as possible but remain in
the “flat plateau” near mid-rapidity. Specifically, we define the correlation Cpr as:

< Vg -VE>
<Vi>.<Vi>

(2)

Crr [pT] =

The V;F and V% in the above are the total elliptic asymmetry in the respective rapidity bins

(and p; bin as well), i.e.
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NP e ¢-differential particle yield in the L/R bins respectively.

do
We emphasize these yields (and throughout the rest of the paper) are still p,~-dependent and

In the above we denote by

. . . . dN . dN
their precise meaning is & o o, = prpeds Pt Ap;.




We further introduce the combined distribution in the L + R bins ¥ y (;R = dN . dﬁl\;ﬁ
The total yield in the full acceptance L + R can be decomposed into two components[ll] —
the hydro flow yield and the jets-related yield respectively:

ANL+R _ ANF . w
d¢ d¢ L+R de

(In the following we drop the L + R subscript.)

(5)

L+R

To quantify the main point, we can express the separate yields in L/R bins as:
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In the above we have introduced three random variables to schematically describe the fluc-
tuations from event to event. /% represent (independent) small random deviations from
the average hydro flow yield in L/R bins, and satisfy < n%/% >= 0,< n* -5 >= 0.
The variable ¢ assumes values of either 0 or 1 in each event with equal probability, i.e.
<& >=<1—¢& >=1/2 while {(1 — §) = 0 holds in each event. The physical idea is that
in each event there is at most one high p; hadron cluster contributing to the final observed
yield[16], which is located either in the left or the right rapidity slice. In contrast, the col-
lective hydro flow (no matter perfect or viscous) contribution is about equally split between
L/R.

Next we introduce an event-averaged ¢-integrated interpolation function:

f do dNJ

f027r do de>+ dgb dNJ

g(pr) = (8)

with g(p;) and 1—g(p;) giving the relative weight of the jet (non—collective) and flow (collec-
tive) contribution to the total L+ R yield, respectively. With this function we then calculate
the actual observed < v > in L + R bin via () using the combined yield of both flow and
jet:
fozﬂ d¢ cos(20) | de> + dN] ]

J" do[(%) + (5 ]
=1 =g <v2>" +g(pe) <v2>7 (9)

< vg(py) >=

F/J

In the above the < vy~ > are defined as in (Il) with the corresponding hydro-flow-only/jet-

only yields.



0.2 T 0.2

10 12 14 8 10 12 14
P (GeV) Pr (GeV)
0.2

0.15

0.1

V2

0.05

FIG. 1: Parametrization of AuAu 200 GeV vy data (00-20% centrality bin). The red diamonds at
low p; are vy for negative charged hadrons from [17] and the green boxes extending from 1.25 —
14.5 GeV are vy for mp from PHENIX run-7 preliminary [18]. The blue/orange/magenta solid lines
in (a)/(b)/(c) represent the combined parametrization, Eq.(d), respectively. In all three panels,
the black short-dashed lines at the left show the collective-flow-only contribution (calculated from
the blast wave model) while the colored long-dashed lines (horizontally extending to very high p;)
show the jet-only contribution in Eq.([I3]). The dash-dotted lines show the weighted contribution
from the hydro flow (1 — g)- < v > (black) and from the jet g- < v§ > (colored), respectively.

(See text for more details.)

Combining (G78Q) with ([BI4) and using the formulae for fluctuation/correlation in [15],
the evaluation of (2)) gives the following final result:

(1—9)?[< v >7}2+2g(1—g) [< vy > - < vy >7]
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FIG. 2: The interpolation function g(p;) defined by Eq.(I4]) as a measure of non-collectivity. The
solid blue line is obtained for case (a) in Eq.(13]), orange long-dashed line for case (b), and magenta

short-dashed line for case (c).

A distinct feature is that as ¢ — 0 (hydro flow dominance) one finds Cp g — 1 while Cp g — 0
in the other limit ¢ — 1 (jet dominance): thus this correlation Cpg[p;] can distinguish the
collective/non-collective contributions and expose the transition from collective flow to jet
regime. To further evaluate it, we need a suitable parametrization of the hydro flow and jet
contributions.

Calculation of C;r.—We first deal with hydro flow and jet yields separately and then
use the interpolation function (§) to combine them. To be specific, in the rest of this paper
we will focus on the PHENIX vy datall6, 117, [18] for AuAu 0 — 20% centrality class at
Vs =200 GeV as experimental input (see Figlll), which extends from low p; all the way to
14.5 GeV.

For the hydro flow yield, a convenient approximation to describe this collective part is
the blast-wave model (see e.g. |19]) which parameterizes the final velocity field of the flow
at freeze-out (with Cooper-Frye procedure) to calculate observables like vy. For simplicity

we follow the approach of [19], i.e.:

dN” 1 ptdo,
11
(%)~ | s il

The elliptic flow is intrinsically built in the flow field uw*(z#*): in (7,75, 7, ¢s) coordinates
u" = Lu[l + uscos(2¢,)] O(Ry, — r)u” = y/1+ (u")?, u® = u™ = 0. The integration
measure at freeze-out 7, is p*do, = mq cosh(y —n,)7,dnsrdrdgs. The blast-wave parameters

are chosen as m, = 140 MeV, T, = 170 MeV, R, = 10fm, 7, = 7fm, u, = 0.7, and uy; = 0.06
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FIG. 3: The correlation Crg(p:). The solid blue line is calculated for case (a) in Eq.(I3]), the orange

long-dashed line for case (b), and the magenta short-dashed line for case (c).

in order to approximately reproduce the measured yield at low p; (see Table.XIV in [16]).
We refer the readers to [19] (section V and Appendix A) for more details regarding the
blast-wave model. Within this model one can numerically calculate the flow-only < vJ >
via () using the flow yield (1) (black short-dashed lines in FiglIl(a,b,c)). We also show the
weighted flow contribution (1 — g)- < vy > as the black dash-dot lines.

The jet-related production, on the other hand, can be parameterized as

AN 1 5
< 0 >o< TETNIDL {1—1—2<v2 > - cos(2¢) (12)

The above parametrization reflects the asymmetric jet attenuation along different directions
which causes a considerable azimuthal asymmetry in high p, yield as parameterized by
< vy > [p;]. While the experimental data indicate < v§ > [p;] to be quite sizeable (7%) and
rather constant for p, > 6 GeV [18], it is not clear how v5 behaves at lower p;. To explore

this we, therefore, use three possible parameterizations (with p, in GeV)

(a) <wvf >=0.07

3 1
(b) <wvf >=007- [Z +7 tanh(p; — 2)]

(c) <wvf >=0.07- [% + %tanh(pt —4)] (13)

The three cases feature different patterns for the jet contribution to vy at low p;, which are
shown as colored long-dashed lines in Fig[ll correspondingly, with the weighted jet contribu-

tions g- < vy > shown as colored dash-dot lines.



To combine the hydro flow and jet contributions requires the interpolation function (8],

which we parameterize as:

[1 + tanh((p; — Po)/Pw]] (14)

N | —

g(p) =

The parameters Pg, Py can be determined by x? fitting of the currently available vy (p;)
data. We find that the best choices for the three cases to be: case (a) Po = 1.4 GeV and
Py =2GeV; (b) Po =24GeV and Py = 1.8GeV; (¢) Po =2.4GeV and Py = 1.8GeV.
In all cases a reasonable model description of the v, data is established over the whole p;
range, as can be seen in Figlll In Fig[2 we plot g(p;) for the three cases: solid blue solid line
for (a), orange short-dashed line for (b), and magenta long-dashed line for (c¢). One sees that
they differ considerably in the amount of non-collective component at low to intermediate
pe.  Of course the plotted curves only schematically demonstrate what may happen. To
quantify the g(p;) much more experimental information will be required. As a side remark,
the admixture of a smaller jet vy seems to be a natural and plausible alternative scenario to
viscous corrections for a reduced vy at low transverse momenta.

Finally given the above parametrization we can calculate the proposed correlation Cpg
using (I0). The results are shown in Fig3} the solid blue line is for case (a), the orange
short-dashed line for case (b), and the magenta long-dashed line for case (¢). While all three
cases produce similar vq, they are readily distinguishable by Cr g from low to intermediate p;
region. The non-monotonic structure seen in cases (a) and (b) is due to interplay between
a non-vanishing jet contribution and rapidly rising hydro flow contribution to vy at low
pe, which is absent in case (c¢). From the distinct deviations of Crp from unity it can be
deduced how much the non-collective component contributes at low p; and how it grows
with increasing p;. While the curves in Figl3] depend on the specific parametrization, they
demonstrate the sensitivity of Crgr to the non-collectivity which may hide in the elliptic
asymmetry vs.

Summary and discussion.— In summary, we have proposed to use the correlation
of V5 as defined in ([2) to distinguish the collective (hydro-flow) from non-collective (jet)
contributions to v,. Using a suitable two-component parametrization, we have studied the
sensitivity of this observable to the degree of non-collectivity. We have further demon-
strated that this observable is capable of exposing the transition from hydro flow to jet with

increasing p;.



As always, there are “real world” complications regarding practical measurements of the
correlation. One issue is that even though the asymmetry of the hydro flow field is perfectly
aligned in the L/R bins, the actually produced particles in the two bins may deviate (both
in magnitude and in orientation) from the supposed “vs” due to statistical fluctuation (see
an elegant discussion in [20]). This will reduce the correlation from unity even for purely
hydro flow, with the effect scaling as 1/v/Nyy,. The other issue relates to the low number
of particles in each event from intermediate to high p, which may cause the correlation to
vanish trivially. These problems may be partially cured by selecting an appropriate size of
the p, bin and/or event trigger. Also those effects are small at low p, region, where the
particle abundance is large.

The study presented here is intended to motivate a dedicated experimental investigation
of the proposed correlation. As we suggest, experimental data for Cpr, when becoming
available, will reveal the magnitude of the collective contribution to vy and the transition
pattern of vy between collective and non-collective behavior. It would also be very interesting
to see how the pattern will change with centrality, as the hydro flow and jet components scale
differently with collision centrality. In addition, these measurements will help to understand
the origin of the decreasing v, at intermediate p; and will constrain viscous hydro corrections
as well.
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